Frequent fluctuation of external osmolality is one of the most common stress situations that soil bacteria encounter in their native surroundings, affecting the cell's hydration, volume, and/or turgor pressure. A widely distributed strategy of eubacteria to overcome hyperosmotic stress is the accumulation of compatible solutes, such as glycine betaine, proline, and trehalose, by biosynthesis and/or uptake, thereby avoiding dehydration of the cytoplasm (1) (2) (3) . In general, the first response to hyperosmotic conditions is the activation of uptake systems for compatible solutes because uptake is energetically cheaper and faster than de novo synthesis.
Corynebacterium glutamicum, a GC-rich Gram-positive soil bacterium important for industrial amino acid production (4), possesses five secondary carriers for the uptake of compatible solutes (3) . In other bacteria, e.g. Escherichia coli (1) and Bacillus subtilis (5) , primary transport systems also participate in the stress response. The Na ϩ -dependent glycine betaine uptake system BetP, the best studied carrier involved in osmoadaptation of C. glutamicum (6 -10) , comprises 12 transmembrane segments as well as terminal domains exposed to the cytoplasm, which are important for osmostress-dependent activity regulation (9, 11) . The functional reconstitution of purified BetP in liposomes demonstrated that this transporter harbors altogether three functions: (i) catalytic activity of glycine betaine transport, (ii) sensing of osmotic stress, and (iii) osmoregulation, i.e. adjustment of the transport rate to the extent of hypertonicity (12) . Other compatible solute transporters that are known to be both osmosensors and osmoregulators are the secondary transporter ProP from E. coli (13) and the primary (ATP-binding cassette) transporter OpuA from Lactococcus lactis (14) . The molecular mechanism of activation of osmosensors is still under debate. Important questions concern the physicochemical stimulus correlated with osmotic stress and the domain within these carriers important for signal detection. Proteoliposomes are well suited for analyzing the nature of the osmotic stimulus because the internal and external space of the liposomes and the membrane composition can be freely varied. This allows a change in only one of the possible parameters at a time (e.g. changes in the external or internal osmolality, solute or ion concentration, membrane strain, osmotic gradient, or molecular crowding (1)) without varying any other condition. Using this approach, we were recently able to demonstrate that BetP is triggered by changes in the internal K ϩ (or Rb ϩ and Cs ϩ ) concentration, whereas changes in membrane strain, external osmolality, or other internal parameters have no effect (10, 15) . The characterization of BetP mutants in proteoliposomes with truncations of the C-terminal domain by 12, 25, or 45 amino acids indicated that this domain is at least critically involved in signal input related to osmotic stress. In agreement with this observation, BetP⌬25, which harbors a truncated C-terminal domain, was found to be unable to detect changes in the internal K ϩ concentration (11) . These results do of course not rule out that additional regions within BetP besides the C-terminal domain may be involved in detection of the internal K ϩ concentration.
The aim of this work was to characterize the putative K ϩ -sensitive region within the last 25 amino acids of the C-terminal domain. For this purpose, amino acids within this domain were systematically substituted with alanine residues; or, in an independent approach, Glu 572 was replaced with glutamine, aspartate, lysine, or proline. The regulation patterns of these mutants dependent upon the external osmolality (and thus dependent upon the internal K ϩ concentration) were determined in different membrane surroundings (E. coli and C. glutamicum cells and proteoliposomes made of E. coli-and C. glutamicum-like lipids) to characterize the K ϩ sensitivity of these mutants. We present evidence that Glu 572 is critically involved in K ϩ sensing. It turned out that not the negative charge at position 572, but rather a correct folding of this region seems to be necessary for the sensing process. Furthermore, we found a significant impact of the phosphatidylglycerol (PG) 2 content of the membrane on the sensitivity of BetP to the internal K ϩ signal.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions-MKH13 (16) was used for glycine betaine uptake measurements in E. coli, whereas DH5␣mcr (17) was used for all other applications. The plasmids used for the heterologous expression of betP in E. coli were based on the pASK-IBA5 vector (IBA GmbH, Göttingen, Germany), in which StrepbetP is under the control of the tet promoter. All constructs are summarized in Table 1 . E. coli cells were grown at 37°C in LB medium supplemented with carbenicillin (50 g/ml). Induction was carried out in exponentially growing cells upon the addition of 200 g of anhydrotetracycline/liter of culture. For the homologous expression of betP in C. glutamicum, strain DHPF (18) , which is deficient in the uptake of compatible solutes, was used. In this case, the different betP genes were under the control of the ptac promoter of plasmid pXMJ19 (19) . C. glutamicum cells were grown in brain heart infusion medium (Difco) at 30°C. Subsequently, these cells were used to inoculate a fresh culture, in which betP expression was induced by 0.2 mM isopropyl ␤-D-thiogalactopyranoside.
Construction of Plasmids-Plasmid pAcl1 (10), encoding the cysteine-free BetP protein C252T, which is regulated like wild-type BetP (11) , was used as the PCR template for the construction of the betP variants listed in Table 1 . For this purpose, a site-directed mutagenesis kit (Stratagene, Heidelberg, Germany) was used. The desired mutations were introduced in the primer sequence summarized in Table 2 . Mutagenesis was carried out according to the description of the manufacturer. The betP sequence encoding the last 160 nucleotides was sequenced for as a control to prove that, besides the desired mutation, no other nucleotide exchange was present. The sequenced fragment was isolated from the plasmid after restriction with XhoI (or, in the case of Y550P, with AflII) and HindIII and exchanged with the identically treated fragment of pAcl1, leading to the different plasmids listed in Table 1 . For the expression of betP in C. glutamicum, the betP fragment was isolated from the respective pAcl1 derivative using the restriction nucleases XbaI and NaeI. The fragment was ligated into the XbaI and SmaI sites of the E. coli/C. glutamicum shuttle vector pXMJ19.
Purification and Reconstitution of Strep-BetP-Strep-BetP was purified essentially as described (12) . From a standard cultivation, we rou-
TABLE 2 Oligonucleotides used in this study
To introduce different nucleotides into the betP sequence, codons were changed in the primer sequence (underlined boldface letters). s, sense; as, antisense.
Oligonucleotide
Sequence (5 to 3) tinely obtained 200 g of highly pure BetP/liter of cell culture. For reconstitution, liposomes (5 mg/ml phospholipids) prepared from phospholipids of E. coli polar lipid extract (Avanti Polar Lipids, Inc., Alabaster, AL) were preformed by extrusion (13 cycles) through polycarbonate filters (400-nm pore size). The liposomes were titrated by the stepwise addition of 20% (v/v) Triton X-100. The insertion of detergent in the liposomes was followed by measurement of the turbidity at 540 nm. Upon saturation with detergent, the liposomes were mixed with solubilized BetP at a lipid/protein ratio of 30:1 (w/w). This mixture was incubated for 30 min at room temperature. Then, Bio-Beads at ratios (w/w) of 5 (Bio-Beads/Triton X-100) and 10 (Bio-Beads/dodecyl maltoside) were added to remove the detergent and incubated at room temperature for 1 h under gentle agitation. Fresh Bio-Beads were added, and incubation was continued for 1 h. Subsequently, the double amount of Bio-Beads was added, and incubation was continued overnight at 4°C. Then, Bio-Beads at a w/w ratio as described above were added and incubated for 1 h. Finally, the proteoliposomes were centrifuged and washed twice with 100 mM potassium P i (pH 7.5) before they were frozen in liquid nitrogen and stored at Ϫ80°C. Preparation of Liposomes from Synthetic Phospholipids-1,2-Dioleoyl-sn-glycero-3-(phospho-rac-(1-glycerol) (DOPG) and a mixture of 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (1:1 mol/mol), which were dissolved in chloroform (Avanti Polar Lipids, Inc.), were dried under vacuum before they were dissolved in 100 mM potassium P i (pH 7.5) by agitation for 24 h. To avoid oxidation, the lipids were kept under a N 2 atmosphere. Subsequently, the liposomes were frozen in liquid nitrogen and stored at Ϫ80°C.
Variation of the Lipid Composition-To vary the membrane composition in the liposome system, proteoliposomes made from E. coli phospholipids were fused with liposomes composed of synthetic phospholipids. The fraction of synthetic lipids was varied between 16 and 66% of the total lipid content of the preparation. For this purpose, proteoliposomes were mixed with either DOPC/DOPE or DOPG liposomes at the indicated ratios and extruded (20 times) before they were frozen in liquid nitrogen. After gentle thawing, the mixture was kept for 45 min at 20°C and extruded 20 times trough a polycarbonate filter (400-nm pore size) before the proteoliposomes were used for transport assays.
Transport Assays-Uptake of [ 14 C]glycine betaine in proteoliposomes was determined essentially as described (12) . Briefly, after thawing, proteoliposomes were extruded 13 times through a polycarbonate filter (400-nm pore size) in 100 mM potassium P i (pH 7.5), collected by centrifugation, and resuspended in the extrusion buffer to a lipid concentration of ϳ60 mg/ml lipid. Normally, the proteoliposomes have a protein concentration varying between 0.8 and 1.0 mg/ml. An appropriate amount of proteoliposomes (containing ϳ2-2.5 g of BetP) was diluted 200-fold into potassium-free buffer (20 mM sodium P i (pH 7.5) and 25 mM NaCl) containing 15 M [ 14 C]glycine betaine and 1 M valinomycin to create an outwardly directed K ϩ diffusion potential. To establish hyperosmotic conditions, sorbitol was added to the external buffer. After different time intervals (up to 20 s after the addition of the liposomes), samples were taken and filtered rapidly through 0.22-m GS nitrocellulose filters (Millipore Corp., Eschborn, Germany). The filters were washed with 100 mM LiCl, and the radioactivity was determined by liquid scintillation counting. Control experiments were carried out to show that the washing conditions did not lead to the efflux of glycine betaine due to the hypo-osmotic washing conditions (supplemental Fig. S1A ). The betaine uptake rate was calculated from the initial slope of the uptake kinetics (supplemental Fig. S2 ). In experiments in which internal solutes were varied, proteoliposomes were resuspended in the desired buffer, and the internal buffer was exchanged by extrusion as described previously (10) . Uptake of [ 14 C]glycine betaine in E. coli cells was determined as follows. E. coli MKH13 cells expressing the gene of the Strep-BetP derivative were cultivated in LB medium supplemented with carbenicillin (50 g/ml) up to A 600 ϭ 1.5. Synthesis of the Strep-BetP mutants was initiated by the addition of 200 g/liter anhydrotetracycline. The cells were harvested after 2 h, washed with 100 mM Tris/Mes (pH 7.5), and resuspended in the same buffer containing 20 mM glucose. Unless noted otherwise, cells for the uptake measurements were assayed in 100 mM Tris/Mes (pH 7.5) containing 10 mM glucose, 50 mM NaCl, and sorbitol concentrations varying between 50 and 850 mM. Subsequently, cells were stirred for 3 min at 37°C before the reaction was started by the addition of 250 M [
14 C]glycine betaine. At given time intervals (15, 30, 45 , 60, and 120 s after the addition of glycine betaine), samples were taken, filtered on GF glass fiber filters (Schleicher & Schüll GmbH, Dassel, Germany), and washed twice with 2.5 ml of 500 mM sucrose and 50 mM MgCl 2 . The radioactivity on the filters was determined by liquid scintillation counting. In all cases, a linear dependence of the amount of glycine betaine taken up on the reaction time after the addition of glycine betaine was observed (supplemental Fig. S3 ).
For transport assays, C. glutamicum DHPF cells harboring the different betP genes in pXMJ19 were grown for 10 h in brain heart infusion medium in the presence of 25 g/ml chloramphenicol before they were transferred into fresh medium. The expression of betP genes was induced by the addition of 0.2 mM isopropyl ␤-D-thiogalactopyranoside. After 16 h, cells were harvested and washed once with cold 50 mM potassium P i (pH 7.5) containing 50 mM NaCl. The cells were suspended in the same buffer containing 10 mM glucose. Unless noted otherwise, cells for the uptake measurements were assayed in 50 mM potassium P i (pH 7.5) with 10 mM glucose, 50 mM NaCl, and different sorbitol concentrations to vary the osmolality between 250 and 1500 mosmol/kg. Subsequently, cells were stirred for 3 min at 30°C before the reaction was started by the addition of 250 M [ 14 C]glycine betaine. At given time intervals (15, 30, 45 , 60, and 120 s), samples were taken, filtered on GF glass fiber filters, and washed twice with 2.5 ml of 100 mM LiCl. Control experiments were carried out to show that the washing conditions did not lead to the efflux of glycine betaine due to the hypo-osmotic washing conditions (supplemental Fig. S1B ). The radioactivity on the filters was determined by liquid scintillation counting. In all cases, a linear dependence of the amount of betaine taken up on the reaction time after the addition of glycine betaine was observed (supplemental Fig. S3 ).
Western Blot Analysis-To control the concentration of the BetP mutants integrated into the membrane of E. coli MKH13 cells, Western blot analysis of membrane extracts was performed as described (11, 12) using antibodies raised against BetP. This antibody is highly specific for BetP as documented in supplemental 
RESULTS
Previous studies in intact cells and proteoliposomes have indicated that the last 25 amino acids of the C-terminal domain of BetP, which consists altogether of 55 amino acids, are directly involved in osmosensing and/or osmoregulation (9, 11) . Detailed in vitro analyses revealed that BetP senses osmotic stress via increasing internal K ϩ concentrations (10) . To define the K ϩ -sensitive region in more detail, a series of BetP mutants was constructed by systematically changing the C-terminal 25 amino acid residues ( Fig. 1 ). These recombinant forms of BetP were based on BetP C252T, a Cys-less version of the carrier that is regulated like wild-type BetP (11) . Activity measurements were per-formed by increasing the external osmolality of cells or proteoliposomes. In both test systems, this leads to an immediate efflux of water out of the lumen or, in other words, to an increase in all luminal solutes. Due to the fact that K ϩ is the only cation present in our liposomes, the internal K ϩ concentration increases, depending on the extent of the applied external osmotic shift, in a range between 180 and 980 mM. This will occur in a similar manner in whole cells because K ϩ is the predominant cytoplasmic cation in E. coli and C. glutamicum (20, 21) . Upon the increase in K ϩ , wild-type BetP is activated after applying an osmotic upshift. Thus, both test systems are suitable to investigate changes in the osmoregulatory behavior of BetP mutants.
Osmoregulation of BetP Mutants in E. coli MKH13-
To identify the amino acid residues within the stretch of the last 25 amino acids relevant for K ϩ sensing by BetP, alanine scanning was performed. Three amino acid residues at a time were exchanged with three alanine residues. The resulting eight mutants were characterized in the heterologous host E. coli (Fig. 2) . E. coli proved to be a suitable system for this analysis because the regulation patterns of the previously characterized truncated mutants BetP⌬12, BetP⌬25, and BetP⌬45 were shown to be identical in E. coli and C. glutamicum cells (9, 11) . For the plasmid-encoded expression of betP mutants, MKH13 (an E. coli strain deficient in transport of compatible solutes) was used (16) . Consequently, glycine betaine uptake depended exclusively on BetP activity. To analyze whether these mutant proteins were integrated into the E. coli membrane to a similar extent compared with BetP C252T, Western blot analyses were performed ( Fig. 2A) . BetP was found to be present in comparable amounts in the membranes of MKH13 derivatives; thus, changes in the regulation behavior of the BetP variants cannot be attributed to different carrier concentrations in E. coli membranes. In betaine uptake measurements, the external osmolality was varied between 0.2 and 1.0 osmol/kg. Only BetP E572A/H573A/R574A turned out not to be regulated by the external osmolality. All other mutants still responded to osmolality changes, but the regulation pattern of these mutants differed from that of the control (Fig. 2, B and C) . Either the activity at low osmolalities was increased (e.g. BetP K581A/R582A/R583A), or the overall activity was decreased. (e.g. BetP K593A/R594A/R595A). Taken together, these results revealed that only E572A/H573A/R574A was strongly changed in its response to external osmolality. The gradual changes in activity regulation of the other mutants may be an indication that the complete stretch of 25 amino acids contributes to the extent of K ϩ sensing and/or regulation.
To investigate whether the presence of negative charges within the stretch of the terminal 25 amino acids is important for osmosensing, in an independent approach, the anionic residues (Glu 572 , Glu 577 , and Glu 585 ) were mutated to glutamine, leading to BetP mutants E572Q, E577Q, and E585Q. After heterologous expression of the respective mutant genes in MKH13, transport measurements revealed that E572Q was most severely impaired in osmostress-induced activation. The observed increase in the transport rate upon increasing the osmolality from 0.2 up to 1.0 osmol/kg was only 1.6-fold (data not shown). We concluded that this glutamate residue, which was also replaced in the K ϩ -insensitive BetP mutant E572A/ H573A/R574A, is important for wild-type K ϩ sensing. To further elaborate this result, Glu 572 was substituted with aspartate, lysine, or proline (Fig. 3) .
Western blot analyses revealed that the resulting Glu 572 mutants were expressed at levels almost similar to those of the Cys-less parent BetP protein C252T (Fig. 3A) . Besides E572Q, mutants at position 572 showed a significantly decreased activity (20 -30 nmol/min/mg of cell dry weight) compared with C252T, and their regulatory behavior was different. E572D and E572Q still responded to osmotic stimulation with slightly increased activity, whereas E572K and E572P were almost insensitive (Fig. 3B) . Taken together, these results indicate that Glu 572 seems indeed to be critically involved in the osmostress-dependent activity regulation of BetP.
Sodium is taken up by BetP in symport with betaine (6) . Recently, we showed that C-terminally truncated BetP mutants that are unable to detect hyperosmotic stress, i.e. the K ϩ stimulus, are also characterized by a decreased affinity for Na ϩ (11). Because some of the newly constructed BetP mutants were severely impaired in their ability to detect osmotic stress also in E. coli cells, the affinity for the cotransported Na ϩ ion was determined ( Table 3 ). The K ϩ -insensitive BetP mutant E572P had a 4-fold higher K m compared with C252T, but the other mutants, including also the K ϩ -insensitive variants E572A/H573A/R574A and E572K, had K m values for Na ϩ varying between 30 and 59 mM, which is in the range of the Na ϩ affinity found for C252T. Thus, the observed decreased transport activity of some of these mutant proteins was obviously not the result of a decreased affinity for the cosubstrate Na ϩ .
Osmoregulation of BetP Mutants in Proteoliposomes
Made from E. coli Lipids-BetP mutants showing either severe defects concerning the ability to sense osmotic stress (E572A/H573A/R574A, E572K, and E572P) or intermediate effects (E572Q and E572D) were chosen for further characterization. The mutants were purified after heterologous synthesis in E. coli and reconstituted into liposomes made from E. coli phospholipids. In the transport assay, the external osmolality was varied between 0.1 and 1.0 osmol/kg by the addition of sorbitol (Fig. 4) . Because liposomes behave like osmometers, this resulted in liposome shrinkage and consequently in an increase in the concentration of internal potassium ions. Again, the activity regulation of the mutants was found to be altered with respect to the extent of maximal osmotic stimulation. For a more quantitative comparison of these mutants, an activation factor was calculated, which was defined as the ratio between the maximal activity within the tested osmolality range and the activity at 0.2 osmol/kg. With the exception of E572Q, the measured activation factors (1.6 -3) were significantly lower than the 6.5-fold stimulation E572P . B, the transport activity dependent upon the external osmolality. The osmolality of the external buffer (100 mM Tris/Mes (pH 7.5) and 50 mM NaCl) was adjusted by the addition of sorbitol. The uptake reaction was started by the addition of 250 M [
14 C]glycine betaine. f, C252T; ƒ, E572Q; ‚, E572D; ૺ, E572K; E, E572P. The data presented in B show one experiment of at least two identical data sets obtained from independent cell cultures. The differences between the measurements were Ͻ10%. cdw, cell dry weight.
TABLE 3 Sodium affinity of several BetP variants in E. coli MKH13
The osmolality of the external buffer containing 100 mM Tris/Mes (pH 7.5) was adjusted by the addition of sorbitol to 0.6 osmol/kg. The uptake reaction was started by the addition of 250 M ͓ 14 C͔betaine. . Activity regulation of BetP C252T and BetP mutants dependent upon the external osmolality in proteoliposomes. The betaine uptake measurements in proteoliposomes made from E. coli phospholipids were performed under hyperosmotic conditions. A and B, the internal buffer contained 100 mM potassium P i (pH 7.5) and had a total osmolality of 0.22 osmol/kg. The external buffer was composed of 20 mM sodium P i (pH 7.5) 25 mM NaCl and had an osmolality of 0.1 osmol/kg. Higher external osmolalities were adjusted by the addition of sorbitol. A, C252T (f), E572A/H573A/R574A (Ⅺ), and E572P (E). B, C252T (f), E572Q (ƒ), E572K (ૺ), and E572D (‚). C, shown is the activity regulation of C252T (f), E572K (ૺ), and E572P (E) at external osmolalities ranging from 0.05 to 0.3 osmol/kg. The reduced internal buffer (40 mM potassium P i (pH 7.5)) concentration, leading to a total osmolality of 0.95 osmol/kg, allowed us to reduce the external osmolality to 0.05 osmol/kg. The external buffer was composed of 20 mM sodium P i (pH 7.5) and had an osmolality of 0.05 osmol/kg. Higher external osmolalities were adjusted by the addition of proline. Each data point represents the mean of five independent measurements.
BetP derivative
detected in C252T (Fig. 4A) . Again, the proline mutant was most severely impaired in detecting hyperosmotic conditions. In principle, it was possible that the mutants were in fact still osmoregulated, but that regulation was not observed because the range of activation might have taken place below 0.1 osmol/kg. To be able to test the activity regulation at such low osmolalities, we had to change the assay conditions. In the original setup, i.e. starting from an internal osmolality of 0.22 osmol/kg, it was not possible to decrease the osmolality of the external buffer below 0.1 osmol/kg without causing leakage of the liposomes (22) . Thus, the internal potassium P i concentration was reduced from 100 to 40 mM, causing a change in the internal osmolality from 0.22 to 0.095 osmol/kg. It was thereby possible to decrease the lowest osmolality measured further to 0.05 osmol/kg without damaging the liposomes in the assay. For this measurement, three BetP variants were chosen, the control C252T and the two deregulated mutants E572K and E572P. We found that the deregulated mutants did not significantly change their activity between 0.05 and 0.3 osmol/kg, whereas the control was activated by 4-fold. Thus, a hidden osmotic activation can be excluded for the tested mutants (Fig. 4C) .
Osmoregulation of BetP Mutants in C. glutamicum DHPF-To investigate whether the altered regulation behavior of some of the mutant BetP proteins might be determined by their membrane surroundings (E. coli lipids), we expressed the respective genes in the homologous host C. glutamicum. For this purpose, we used the strain DHPF, which is devoid of all uptake systems for compatible solutes (18) . Surprisingly, variation of the external osmolality in this membrane background revealed that the transport activity of BetP mutants E572A/H573A/ R574A, E572Q, E572D, and E752K responded to an increase in the external osmolality with a rise in transport activity (Fig. 5) . We observed either a response identical to that of the control (as in the case of E572D) or only a small decrease in sensitivity to osmotic stress compared with the control. Sensitivity was defined as the osmolality value at which half-maximal activity was reached. In addition, both activation factors and maximal transport rates were similar to those of the control. As the sole exception, E572P remained insensitive to osmotic stress also in the C. glutamicum background, characterized by an activation profile very similar to that of the deregulated BetP⌬25 mutant (Fig. 5) .
Osmoregulation of BetP Mutants in Liposomes with Varying Phospholipid Compositions-The question arose as to why the Glu
572 mutants were differently regulated in the two hosts. Recently, we showed that the content of PG in the liposome membrane critically determines the sensitivity of BetP to hyperosmotic stress (12) . In E. coli, the fraction of negatively charged phospholipids is only ϳ20% (23), whereas the membrane of C. glutamicum contains 90% negatively charged lipids consisting mainly of PG (24). To investigate whether the difference in the activity regulation of the mutant proteins, i.e. sensitivity to the K ϩ stimulus, is indeed related to the membrane composition, we varied the PG content in the proteoliposomes. Because we previously found that the activity of BetP is rather low in proteoliposomes consisting of a mixture of polar lipids from E. coli and PG from egg yolk lecithin (12), we improved the reconstitution method. For this purpose, we fused liposomes made from synthetic phospholipids with preformed proteoliposomes of E. coli polar lipid extract by rounds of extrusion and freezing/thawing. Upon the addition of DOPG, the PG content was increased up to a level found in C. glutamicum membranes. Upon fusion with preformed DOPC/DOPE liposomes, it was also possible to decrease the PG content of proteoliposomes. In contrast to the former reconstitution procedure (12) , the activity levels were increased using synthetic phospholipids to a level found in proteoliposomes made from E. coli polar lipid extracts. (see Fig. 7 ). Under these conditions, it was now possible to characterize BetP mutants with activities significantly lower that those of the BetP control. The enrichment of the membrane with DOPC/DOPE had only a small effect on the activity regulation profile of BetP (Fig. 6A) , leading to slightly increased sensitivity to osmotic changes, which may have been caused by the decrease in the PG content in the liposomes. The effect of DOPG addition was more pronounced (Fig. 6B) . The activation threshold of BetP strongly depended on the fraction of DOPG in the membrane. The external osmolality at which half-maximal activity was reached was shifted from a value of ϳ0.3 osmol/kg in membranes composed of pure polar E. coli lipids to 0.9 osmol/kg in vesicles with 66% DOPG (Fig. 6B) . A similar shift in the half-maximal activity of BetP has been described previously in E. coli and C. glutamicum cells (7). This result indicates that the membrane composition of C. glutamicum seems to be correctly mimicked in proteoliposomes enriched with PG. Under identical assay conditions, BetP⌬25 could not be activated by increasing osmotic stress (Fig. 6C) , proving that deregulation of BetP⌬25 is independent of membrane surroundings and indicating again that the 25 amino acids of the C-terminal domain are critically involved in K ϩ sensing.
With this improved system in hand, it was possible to test whether the sensitivity of the mutants to osmotic stress, i.e. the internal K ϩ signal, indeed depends on the PG content of the membrane. For this purpose, preformed proteoliposomes containing the different BetP mutants were fused with either DOPC/DOPE or DOPG vesicles. In these experiments, a 33% portion of synthetic lipids in the liposomes was kept constant. Activity regulation was determined by varying the external osmolality. Upon reduction of the PG content in the membrane (Fig. 7A) , all BetP mutants, with the exception of E572D, were found to become insensitive to osmotic stress (cf. Fig. 4 ). In contrast, in membranes with a higher DOPG content, only E572P was more or less insensitive to osmotic stress (Fig. 7B) , whereas all other mutants responded to increasing osmotic stress by significantly increasing activity. These experiments indicate that the membrane composition directly influences the regulation behavior of BetP mutants.
To test whether the observed differences in the regulation pattern were specifically related to the presence of PG in the membrane, liposomes that contained 33% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) instead of DOPG were prepared. Both phospholipids are negatively charged. Variation of the external osmolality in the transport assay revealed that, also in this membrane environment, the BetP control C252T and BetP E572K responded to osmotic stress with an increase in activity, whereas BetP E572P was still almost insensitive to osmotic stress, as observed in membranes containing DOPG (Fig. 8) . This result strongly indicates that negatively charged phospholipids are indeed responsible (i) for the shift in the osmosensitivity of BetP and (ii) for the restoration of the osmostress-dependent regulation of E572K. Finally (iii), E572P was still found to be insensitive to the K ϩ signal in membranes with a higher share of negatively charged head groups. A and B, betaine uptake in proteoliposomes containing 33% DOPC/ DOPE and 33% DOPG, respectively. f, C252T; ૺ, E572K; ƒ, E572Q; ‚, E572D; Ⅺ, E572A/ H573A/R574A; E, E572P. Because of the lowered sensitivity to osmotic stress, the osmolality was varied between 0.2 and 1.2 osmol/kg in DOPG vesicles. The measurements represent the means of five replicates/data point. FIGURE 8. Activity regulation of BetP C252T in proteoliposomes prepared from E. coli lipids fused with 33% DOPS. The betaine uptake measurements in proteoliposomes were performed under hyperosmotic conditions. The internal buffer contained 100 mM potassium P i (pH 7.5) and had an osmolality of 0.22 osmol/kg. The external buffer was composed of 20 mM sodium P i (pH 7.5) and 25 mM NaCl and had an osmolality of 0.1 osmol/kg. Higher external osmolalities were adjusted by the addition of sorbitol. The osmolality was varied between 0.2 and 1.2 osmol/kg in DOPS vesicles. f, C252T; ૺ, E572K; E, E572P. The measurements represent the means of five replicates/data point. FIGURE 6. Activity regulation of BetP C252T in proteoliposomes prepared from E. coli lipids with varying contents of synthetic phospholipids. The betaine uptake measurements in proteoliposomes fused with synthetic phospholipids were performed under hyperosmotic conditions. The internal buffer contained 100 mM potassium P i (pH 7.5) and had an osmolality of 0.22 osmol/kg. The external buffer was composed of 20 mM sodium P i (pH 7.5) and 25 mM NaCl and had an osmolality of 0.1 osmol/kg. Higher external osmolalities were adjusted by the addition of sorbitol. Due to the lowered sensitivity to osmotic stress, the osmolality was varied between 0.2 and 1.2 osmol/kg in DOPG vesicles. A, osmostress-dependent activity regulation of BetP C252T in proteoliposomes containing 0% (f), 16% (E), 33% (छ), 50% (‚), and 66% (ૺ) DOPC/DOPE (w/w). The content of synthetic phospholipids was adjusted by fusion of preformed proteoliposomes made from E. coli phospholipids with liposomes made from DOPC/DOPE (1:1 mol/mol). B, osmostress-dependent activity regulation of BetP C252T in proteoliposomes containing 0% (f), 16% (E), 33% (छ), 50% (‚), and 66% (ૺ) DOPG (w/w). The content of synthetic phospholipids was adjusted by fusion of preformed proteoliposomes made from E. coli phospholipids with liposomes made from DOPG. C, osmostressdependent activity regulation of BetP⌬25 in proteoliposomes with 50% DOPC/DOPE (f) and in proteoliposomes with 30% (‚), 50% (F), and 60% (ƒ) DOPG. The measurements represent the means of six replicates/data point.
Influence of Proline Residues within the C-terminal Domain of BetP-
with proline had an effect similar to that of BetP⌬25, which lacks the last 25 amino acids (truncation of amino acids 571-595). By in silico analyses using the programs 3D-PSSM (available at www.sbg.bio.ic.ac.uk/ ϳ3dpssm/html/ffrecog_simple.html) and PSIPRED (available at bioinf.cs.ucl.ac.uk/psipred/), we found that the C-terminal region between positions 554 and 588 is predicted to form an ␣-helix, placing position 572 in the middle of this putative helical region. Because of the known property of proline to disturb ␣-helical structures, we assumed that the introduction of proline at position 572 may change the conformation or stability of this region, thereby abolishing the K ϩ sensing found in wild-type BetP. To test the hypothesis that regulation of BetP may be influenced by a change in the structural properties of its C-terminal domain, two additional proline mutants were constructed. A proline residue was introduced either directly upstream of the putative ␣-helix at Tyr 550 or near the end of this secondary structure at Arg 584 . The mutants were tested in E. coli and C. glutamicum cells (Fig. 9) . BetP R584P was still regulated in the two hosts. Whereas the regulation of this mutant protein was highly similar to that of wild-type BetP in E. coli cells, its activity was already elevated at low osmolalities in C. glutamicum cells, still retaining, however, significant osmostress-dependent activation. In contrast, BetP Y550P was severely impaired in its ability to detect osmotic stress in both cellular systems. These results suggest that introducing a proline residue directly upstream of the ␣-helical region results in a change in the overall orientation of the K ϩ -sensitive region and in a deregulated regulation pattern identical to the introduction of a proline residue at position 572.
DISCUSSION
Carriers involved in the bacterial osmotic stress response, such as ProP from E. coli, OpuA from L. lactis, and BetP from C. glutamicum, are not only catalytically active, but are also characterized by their capacity for osmosensing and osmoregulation (12) (13) (14) . The stimuli related to osmotic challenge received by these transporters have been identified using functional reconstitution in proteoliposomes. A change in the carrier/membrane interaction caused by increasing internal ionic strength (OpuA) (25) , by concentration of cytoplasmic solutes and/or molecular crowding (ProP) (26) , or by increasing internal K ϩ concentrations (BetP) (10, 15) was determined to be responsible for activation of the individual carrier proteins. This seems reasonable in vivo, too, because an increase in the external osmolality leads to water efflux and thus to an increase in internal solute concentration. Recently, we identified a particular domain of BetP involved in K ϩ sensing (9, 11) . A terminal stretch of 25 amino acids was shown to be critical for K ϩ sensing; consequently, the truncated mutant BetP⌬25 is unable to respond to an increase in internal K ϩ (11). BetP⌬25 is already maximally active at low K ϩ concentrations, reaching up to 60% of the activity of the parent BetP protein C252T in proteoliposomes made from E. coli lipids. From this observation, it was concluded that BetP⌬25 is locked in an active conformation independent of the presence of an activating stimulus. On the other hand, wild-type BetP and C252T remain in an inactive conformation at low osmolality and are transformed into an active state upon an increase in the internal K ϩ concentration, which is triggered in turn by an increase in external osmolality. Based on this concept, one of the aims of this work was to better define the region within the C-terminal part of BetP involved in sensing the K ϩ -related stimulus.
Different mutagenesis strategies were used to identify putative amino acid residues within the N-terminal 25 amino acids of BetP that are important for K ϩ sensing. Evidence has been provided that the K ϩ -dependent activity regulation of BetP is influenced by two different factors: (i) the overall conformation of the C-terminal domain and (ii) the membrane lipid composition (in particular, the charge of the membrane surface). Both alanine scanning and mutagenesis of Glu 572 , Glu 577 , and Glu 585 indicated the particular significance of Glu 572 in K ϩ sensing. Mutants with an altered amino acid at this position were severely impaired in their ability to sense osmotic stress in E. coli-type membranes. Replacement of Glu 572 with amino acids maintaining either the size or charge of the glutamate residue, e.g. glutamine or aspartate, decreased the sensory properties to a significant extent. Introduction of a positive charge or steric hindrance due to replacement with lysine or proline, respectively, had a more dramatic effect on activity regulation. In E. coli liposomes, several Glu 572 mutants showed transport rates at low osmolality that were as low as those of non-stimulated BetP C252T under these conditions. At identical osmolality, BetP⌬25 had already 60% of the activity of fully stimulated C252T (11) . It was thus not easy to determine whether the Glu 572 mutant proteins are in fact deregulated, i.e. locked in an active conformation, or whether they are unable to become activated. However, the consequence, viz. the loss of osmosensing capacity, is identical for the two possible mechanisms.
The results described so far indicate that amino acid 572 in the C-terminal region seems to be of particular significance. A possible reason for this fact could be a functional requirement for a negative charge at this position for sensing. Recently, it was shown for TREK-1, an osmoregulated eukaryotic K ϩ channel, that the replacement of a glutamate residue (Glu 306 ) in the putative sensory domain with an alanine abolishes channel regulation (27) . It was suggested that an alanine residue at this position would mimic a permanent protonation of the glutamate residue occurring in the wild-type channel from acidification of the cytoplasm. Such a mechanism could be ruled out for BetP because it was shown that its activity does not depend on the presence of a negative FIGURE 9 . Osmostress-dependent regulation of BetP mutants C252T, Y550P, and R584P in E. coli MKH13 or C. glutamicum DHPF expressing different betP derivatives. A and B, betaine uptake in MKH13 and DHPF strains, respectively. The osmolality of the external buffer (50 mM potassium P i (pH 7.5), 100 mM NaCl, and 10 mM glucose) was increased by the addition of KCl. The uptake reaction was started by the addition of 250 M [
14 C]glycine betaine. f, C252T; E, Y584P; F, Y550P. The data presented in A and B show one experiment of three identical data sets obtained from independent cell cultures. The differences between the measurements were Ͻ10%. cdw, cell dry weight.
charge at position 572. BetP mutants E572K and E572Q were found to regain their ability to sense osmotic stress in C. glutamicum membranes.
Strikingly, besides the truncated mutant BetP⌬25, only E572P was unable to detect osmotic stress both in E. coli and C. glutamicum membranes, whereas all other BetP Glu 572 mutants regained their sensitivity to osmotic stress in C. glutamicum-type lipids. As a reasonable explanation for the regulatory behavior of E572P, a significant structural change in the C-terminal stretch of amino acids caused by proline at position 572 can be assumed. Based on in silico analysis, the C-terminal domain is predicted to form an ␣-helix at residues 554 -588. These analyses also revealed that a proline residue at position 572 would weaken the propensity to form this secondary structure, whereas aspartate, glutamine, and lysine would have only a minor influence. We suggest that the conformation of the ␣-helical part in the C-terminal domain of E572P is changed, leading to the loss of activity regulation. We would like to emphasize that the conformation around position 572 is not the only factor influencing activity regulation of BetP. BetP Y550P, which carries a proline residue directly upstream of the putative ␣-helical region, has an unchanged putative ␣-helical segment, but was found to be deregulated in both membrane types, too. Thus, we concluded that K ϩ sensing does not essentially require residues 554 -588 to be unchanged. It seems likely that, in the case of Y550P, the proline residue does not cause a conformational change in the C-terminal ␣-helix, but rather a change in the relative orientation of the residues downstream of position 550. As a consequence, the interaction of the C-terminal domain with a putative interaction partner, which may be necessary for proper K ϩ sensing, is not possible anymore. This hypothesis is in agreement with the observation that a proline residue introduced at the other side of the putative ␣-helix at position 584 did not lead to deregulation. As possible interaction partners of the C-terminal domain of BetP, we suggest the surrounding membrane, the cytoplasmic loops of BetP, and the C-terminal domain of another BetP molecule. Concerning the latter possibility, it is important to note that BetP was shown to form trimers in two-dimensional crystals (28) . It has already previously been shown that the phospholipid head group composition may modulate the activation pattern of BetP (7, 12) . We now find that this parameter may have a decisive influence on the ability of BetP to become activated by K ϩ or not. The first evidence for this fact was the observation that wild-type BetP was differently regulated in E. coli and C. glutamicum cells. It is important to note that the membrane compositions of these two bacteria are very different. The predominant lipid is uncharged phosphatidylethanolamine in the former case (23) and negatively charged PG in the latter (24). We thus studied the effect of membrane composition in liposomes, in which it could be freely varied. For this purpose, it was essential to optimize the previous reconstitution procedure for BetP (12) . Combining the use of synthetic phospholipids and the optimized reconstitution procedure increased BetP C252T activity in DOPG-or DOPC/DOPE-enriched vesicles to levels similar to those found in standard liposomes made from E. coli phospholipids. The PG content in the membrane was found to modulate BetP activity at different levels. (i) An increasing content of negatively charged PG shifted the threshold of activation by osmotic stress to higher values of osmolality, as has been observed previously (12) . As a consequence, at elevated concentrations of PG, more severe osmotic upshifts were necessary to cause half-maximal activation of BetP. This effect can be interpreted as a reduction of the sensitivity of BetP to K ϩ .
(ii) The difference between basic and maximal activities was influenced, too, because the activity at low osmolality was found to be significantly reduced at an elevated PG content. This led to higher activation factors for the parent BetP protein C252T in PG membranes. (iii) Besides E572P, all other BetP Glu 572 mutants seemed to be able to undergo the shift to the inactive conformation in PG-enriched membranes (compare below), whereas this was not possible in phosphatidylethanolamine-enriched membranes. Taken together, these observations are in agreement with a concept assuming that PG stabilizes the inactive conformation of BetP. Based on the fact that negatively charged DOPS closely resembles DOPG in terms of its modulatory influence on the activity regulation of C252T, which has wild-type regulatory properties, we concluded that not PG itself, but rather the fraction of negative charges at the membrane surface is responsible for the change in the regulation pattern. Membrane surface charges also influence the activity regulation of BetP Glu 572 mutants. The osmosensing properties of E572A/H573A/ R574A, E572D, E572Q, and E572K were strongly impaired both in E. coli cells and in liposomes consisting of E. coli phospholipids, but the mutants regained their ability to sense K ϩ in C. glutamicum cells and in liposomes mimicking the phospholipid composition of C. glutamicum membranes. Obviously, an inactive conformation can be induced in these mutants only in the presence of a strongly negatively charged membrane surface. We assume that negatively charged phospholipid head groups interact with the terminal 25 amino acids, thus stabilizing a particular conformation of this domain important for K ϩ sensing. In contrast, E572P and BetP⌬25 are insensitive to osmotic stress in both membrane surroundings, most likely because this interaction is either not possible (the terminal 25 amino acids are missing) or prevented by an improper conformation of the terminal domain (proline at position 572). The C-terminal domain of BetP is predominantly positively charged, whereas the membrane surface of C. glutamicum is highly acidic; consequently, it might be assumed that the region around Glu 572 and the membrane interact electrostatically. An electrostatic interaction mechanism was suggested for OpuA (25, 29) , which seems reasonable because OpuA was found to be activated by an increase in the internal ionic strength and not by an increase in a specific cation. In contrast, activation of BetP was shown to almost exclusively depend on K ϩ (15).
This ion selectivity does not seem to be compatible with a simple electrostatic mechanism. There are other results that argue against a simple electrostatic interaction model as the correct explanation for BetP regulation. For OpuA, this model was corroborated by experiments using differently charged amphipaths (25) . In general, these reagents are used to change the physical state of the membrane. OpuA activity seemed to directly depend on the charge density of the membrane, which was changed either by the kind of the phospholipid head group or by the charge of the amphipath used. Such a correlation was not found for BetP (18) . The addition of neutral or positively or negatively charged amphipaths led in each case to BetP stimulation. This result may be interpreted in terms of a mechanism in which the physical state of the membrane caused activation, most probably by a changed lateral pressure profile (30) . On the basis of the results described here, we suggest a functional model in which the rise in the luminal K ϩ concentration induces a conformational change in the C-terminal domain of BetP, in particular, in the region around residue 572. This change may depend on direct binding of K ϩ at a regulatory binding site, which, however, has not been shown yet. In the resulting altered conformation, the interaction with the negatively charged membrane would be destabilized, thus leading to BetP activation. Additional contributions of the interaction of the C-terminal domain with internal loops of BetP or with C-terminal domains of
